The life-shortening effects of ultraviolet light (UV) and X-rays were investigated with a strain of free-living nematode, Rhabditidae tokai . UV exhibited a significant life-shortening effect on adult worms, and it also inhibited growth of larvae , hatching of eggs and reproduc tion. Sensitivity to UV was decreased with increasing ages. In contrast, nematodes showed a marked resistance to X-rays. Data were obtained suggesting that X-ray-induced single strand breaks in DNA can be rapidly and efficiently rejoined by a repair mechanism . Mal formations were observed when immature larvae were irradiated with X-rays .
INTRODUCTION
In the present study, the effects of UV and X-rays on the mortality of R . tokai were investigated. The results showed that young larvae are more sensitive to UV than adults with respect to killing and that the hatchability of eggs is much more sensitively affected by UV than the killing of larvae. It was also found that a very large dose of X-rays is needed to exhibit significant life-shortening effect . In the course of these experiments, we found that X-rays produce various types of abnor mally shaped adult worms when nematodes were irradiated in the period of larvae .
In addition, the sedimentation profiles of DNA in alkaline sucrose gradients sug gested that the nematode has an efficient repair mechanism for strand breaks.
MATERIALS AND METHODS

Nematode
Morphology, the method of cultivation, life cycle and life span of the nomatode used in the present study, Rhabditidae tokai, have been described previously."" In brief, the strain is bioecious with the female to male ratio of fifteen to one. The average length of animals was determined to be 830 pm and 580,um for adult females and males, respectively. The method of breeding is very easy. In all experiments nematodes were grown on' agar plates covered with a thin layer of M9 buffer. The agar medium contains 2.5 x 10-2M potassium phosphate buffer (pH 6.0), 5 x 10-'M NaCI, 10-3M CaC12i 10-3M MgSO4, 0.5 g/l Bactopeptone 1 ml/l cholesterol in ethanol (5 mg/ ml) and 25 g/l agar." Escherichia colt cells were given as a food source throughout this study. At 20°C, eggs hatched to yield larvae in 24 h and the larvae were mature in five days. A female laid about a hundred eggs once during her life. The average life span of virgin females was estimated to be about three months at 20°C, and it was shortened at higher temperatures.
The animals to be irradiated were age-synchronized by a slightly modified method of Sulston et al." A random culture containing worms and eggs was harvested by centrifugation at 3,500 rpm for 30 min in cold 35 per cent sucrose solution. Under these conditions adults and larvae sedimented to the bottom and eggs floated towards the top. These eggs were collected and washed with M9 buffer by centrifugation at 3,000 rpm for 2 min. The washed eggs were cultured at 20°C on the agar plates with Escherichia colt cells. Most of eggs hatched on the next day and on a desired day after hatching worms were collected and washed with M9 buffer by centrifuga tion at 3,000 rpm for 2 min. Finally the worms were suspended in M9 buffer and subjected to irradiation. After irradiation, females were picked up (under a dissec ting microscope) on agar plate to give about five nematodes per plate (15 mm in diameter). These plates were placed in an incubator at a fixed temperature. Dead nematodes could be distinguished from living ones, since the internal body structure disappeared presumably by autolysis.
Ultraviolet illumination
Nematodes or eggs were illuminated with UV emitted from a low pressure mer cury lamp (National, GL 15) at a fluence rate of 3 J • m-2 • sec-' which was measured with a UV-dosimeter (Tokyo Kogaku Kikai, UVR-254).
X-ray irradiation
Nematodes suspended in M9 buffer were irradiated in a plastic test tube with X-rays from 10 MeV linear accelerator (Varian Model CLINAC 18) at a dose rate of 1.5 kards per min. The dose rate was measured with an exposure rate meter (Ap 
Measurement of DNA strand breaks
A non-synchronous culture of adult nematodes (about 5 X 104 worms) suspended in 0.5 ml of ice-cold M9 buffer was irradiated with X-rays. After irradiation they were immediately frozen with dry-ice and stocked.
In order to facilitate the lysis of cuticle they were thawed and heated at 70°C for 15 min and 0.5 ml of pronase E" (20 mg/ml) (Kaken-kagaku Co.) in 0.05 M tris buffer (pH 8.0) containing 0.2 M Nat EDTA and 1% sodium N-lauroyl sarcosinate was added. The mixture was heated at 50°C for 120 min with occasional gentle rocking.
The worms treated in this way applied to 0.5 ml of a lysing solution (0.5 N NaOH, 0.01 M NaEDTA and 1% sodium N-lauroyl sarcosinate), which had been layered on 53 ml of a five to twenty per cent sucrose gradient containing 0.1 N NaOH, 0.9 M NaCI and 0.001 M Na2EDTA . Lysis was carried out overnight at a room temperature in a centrifuge tube for RPS 25-2 rotor.
The tube were centrifuged at 25,000 rpm for 10h at 20°C in a Hitachi model 65-p ultracentrifuge."
After centrifugation, 2 ml fractions were collected from the top of a tube.
The amount of DNA was determinated by the fluorometric method with 3,5 diaminobenzoic acid.', "o, To each fraction, 0.05 ml of 1 mg/ml bovine serum albumine (Miles Lab. Inc) and 2 ml of 10 per cent trichloroacetic acid were added. The mix ture was kept at 4°C overnight and was centrifuged at 3,000 rpm for 30 min. The supernatant was removed by decantation and the precipitate was washed once with 2 ml of 5 per cent trichloroacetic acid and with 1 ml of 0.1 M alchoholic potassium acetate.
Finally, 2 ml of absolute alcohol was added to the precipitate. The mixture was kept at 60°C for 15 min and centrifuged.
Washing solutions were removed by aspiration after centrifugation at 3,000 rpm for 30 min. The precipitate was dried in vacuo for 3 h. To each dried sample, 50 pl of 2 M 3,5-diaminobenzoic acid dihydro chloride (Tokyo Kasei Kogyo Co., Ltd.) which had been decolorized twice with Norit A was added and the mixture was heated at 60°C for 40 min. Finally , 3 ml of 0.6 N perchloric acid was added. Intensity of the fluorescence at 530 nm was measured in a fluoro-photometer (Kotaki Co., Ltd., Model UM-2S) with the excitation wavelength at 400 nm. Calf thymus DNA (Sigma) was used as a standard.
Molecular weight was determined by an equation of Abelson and Thomas"' using T4 phage DNA as a reference.
RESULTS
Effects of ultraviolet light
The effect of UV on hatchability of eggs and on survival of 3 and 10 day old worms is shown in Fig. 1 . It can be seen that 3 day old larvae are more sensitive than adult females.
The larvae illuminated with UV at above 200 J . m-2 could not grow and reproduction was inhibited. Hatchability of eggs was most sensitively reduced$by UV-illumination. Namely, the eggs illuminated at 60 J • m-2 could hatch normally and the reproduction was also normal, whereas at above 90 J • m-2, almost all eggs lost hatchability. (/), survival of 3 day old larvae measured on the 6th day after irradiation:
(0), survival of 10 day old females measured on the 10th day after irradiation:
(II), survival of 10 day old females measured on the 30th day after irradiation.
In all cases plates were incubated at 20°C.
The time course of changes in survival at 30°C of UV-illumination 10 day old females-is shown in Fig. 2 Effects of X-rays (1) Life-shortening Fig. 3 shows the survival at 30°C of 4 day old virgin females irradiated with various doses of X-rays.
It is seen that the survival curves for heavily irradiated groups (45 and 60 krads) are shifted downwards as compared with the curve for unirradiated animals, which there is no significant shortening of the maximum life span, indicating that mean life span is decreased by such large doses of X-rays. (2) Appearance of malformation In the course of this study we observed the formation of abnormally shaped adults when nematodes were irradiated at a larval stage (for example at the third day after hatching).
Examples are shown in Fig. 4 . The abnormal nematode in panel (a) appeared on the 22nd day among a group irradiated with 24 krads and it died next day. The nematode in panel (b) was observed on the 28th day after irra diation among the same group and it also died next day. However, some abnormally grown nematodes (for example (f) and (g)) could survive for more than 5 days. Statistical analysis of malformation including the effect of age of irradiation is now under investigation.
(3) DNA strand break It has been shown in various biological systems that X-rays induce DNA strand breaks, some of which are repaired during post-irradiation incubation.
Since the present nematodes were very resistant to X-rays as evidenced by the fact that most of the nematodes irradiated with as high as 60 krads could survive for about thirty days at 30°C (Fig. 3) , it was assumed that DNA strand breaks must be repaired very efficiently or that DNA strand breaks do not give any serious effect on survival. In order to examine the strand breaks, the size of DNA in irradiated animals was determined by centrifugation in alkaline sucrose gradients. As illustrated in Fig. 5 , there was no significant difference in sedimentation profiles for the DNA in irradiated (60 krads) and unirradiated animals as far as the procedure described in Materials and Methods was pursued.
However when nema todes were heat-killed prior to irradiation, the sedimentation peak was shifted towards the top, indicating that low molecular weight fragments are produced by the irra diation. were collected from a random culture and irradiated in ice-cold M9 buffer. After irradiation, irradiated (z) and unirradiated (0) nematodes were frozen with dry-ice.
They were then thawed and heated for 15 min at 70°C and treated with pronase as described in Materials and Methods. A part of nematodes (El) was heated for 15 min at 70°C prior to irradiation and was treated in the same way as described above.
DISCUSSION
There is few report on radiation effects in nematode, although the worm has been found to offer a very usefull system for various fields of biology, for example development, behavior, aging, etc.","'
The only published paper was described by Klass, who found that eggs, larvae and adults of C'aenorhabditis elegans are killed by UV with the sensitivity of that order." Mitchal found that the same strain of nematode survives for rather longer periods when it has recieved a moderate dose of X-rays than the unirradiated control nematodes (personal communication).
In the present study, we used a new strain of nematode, R. tokai, and obtained similar results with Klass concerning UV illumination.
The study on cell lineages of C. elegans demonstrated that the nematode consist of 550 cells at the time of hatching and number of cells increases to 810 during the maturation period.""
If the similar situation is true for the present nematode, higher sensitivity of larvae than that of adults would be a response, at least partly, of the inhibitory effect of UV to cell division in immature larvae.
The high sensitivity of eggs to UV would also be related to the inhibition of cell cleavage.
Relatively high doses of X-rays were required for the nematode to reveal a life shortening effect. As far as has been examined, significant life-shortening effect occurred at doses more than 30 krads. The extreme resistance to X-rays would be a reflection of the fact that most of the cells composing a worm at the time of irradiation (4th day after hatching) are post-mitotic. In addition, an evidence sug gesting the presence of a very efficient repair mechanism for DNA strand breaks was obtained.
As far as we know, the present report includes the first data of the sedimentation profiles of the nematode DNA in alkaline sucrose gradients. From these data, the single-strand molecular weight of normal nematode DNA was esti mated to be 2.8x 10' daltons, whereas after irradiation on the heat-killed worms with 60 krads X-rays, the single-strand molecular weight was reduced to 8.5x 106 daltons. These figures led to an estimated of 1.4 single-strand breaks per rad per 1012 daltons.
However the relationship between DNA strand breaks and X-ray-induced life-shorten ing is yet unknown.
It should be noted that detection of DNA strand breaks in the nematode by centrifugation on sucrose gradient was very difficult presumably because of the presence of active nucleases. These nucleases tended to reduce the size of DNA during a rather long time required for processing nematodes to apply them on a sucrose gradient.
This process included the treatment of nematodes with pronase in order to dissolve cuticle layers in alkaline solutions.
In addition, it appeared that rejoining of broken strands proceeds very rapidly.
In fact no significant strand breaks was observed when living nematodes were heavily irradiated (60 krads, Fig.  5 ) if the heat treatment (70°C, 15 min) prior to irradiation was omitted. Presumably strand breaks would have been repaired during post-irradiation processing. The method eventually adopted in this study was to kill nematodes by heating prior to irradiation in order to inactivate nucleases as well as repair enzymes. Although this method is unusual and only tentative, this was the only way to detect strand breaks.
If pre or post-irradiation heating treatment was omitted, the size of DNA of both irradiated and unirradiatied nematodes was found to be very small. A more preferable method is now under investigation. In group of X-irradiated nematodes, various types of abnormally grown adults were observed.
In view of photographs, most of these abnormalies appear to be due to the defect in cuticle layeres.
It is known that a nematode carries out several times of molting during the time from hatching to maturation."
If this is true for R. tkai, X-rays would have inhibited the synthesis of cuticles or they have induced modified cuticles.
Since such malformations were not observed among UV-irradiated nematodes, the mechanism must be much more complex than could be imaged. How ever, there remains a possibility that nematodes are useful animals for screening teratrogenic action of certain agents if quantitative analysis is available. With regard to the radiation hazards, the teratrogenic effect is counted to be one of these hazards.
